Introduction
It has been known for decades that the complex impedance of biological samples, while measured over a range of frequencies using time varying electromagnetic field, contains information about the physical, chemical or cellular properties of the samples. The permittivity and conductivity of the biological samples are frequency-dependent and characterised by three main dielectric dispersions named , and dispersion [1] . Each dispersion refers to a specific characteristic of biological samples. Schwan [1] introduced the dispersions:
-dispersion: taking place at low frequency -from dc to hundreds hertz. This dispersion is caused by the relaxation of ions surrounding at the charged cellular membrane.
-dispersion: taking place at radio frequency -mainly from hundreds hertz to megahertz. This dispersion is caused by Maxwell-Wagner effect, an interfacial polarisation of cell membrane blocking the ion-flow of intra and extra cellular dielectrics.
-dispersion: taking place at microwave frequency -gigahertz region. This dispersion is caused by relaxation of free water molecules in intra and extra cellular fluid. Theoretically, the biological samples display a specific -dispersion based on the geometry structure and dielectric properties of cell membranes. The characteristics of -dispersion reflect geometry and electrical information of the biological samples. Geometry structure is considered to be one of the most important peculiarities of biological samples. However, the micro-level geometry information of biological samples is hard to obtain from macro-level observations or measurements due to the small size of biological cells. For example, candida albican [12] and normal yeast are structurally different in microscopic as shown in Figure 2 while it is hard to identify them by macroscopic methods. Given that, measuring the impedance of biological samples is an effective and reliable way to distinguish the biological samples with different geometry structures and electrical properties [6] [7] . Asami [2] and Marco [25] have built an analytical solution model of non-spherical biological cells to calculate the electrical properties of the cell suspensions. The axial ratio is considered to be the main factor that influences the dielectric behaviour of the non-spherical biological cell suspensions; however, they did not consider fully the structural differences such as shape, membrane thickness and integrity. In addition, most FEM simulation works about biological samples analyse the dielectric properties of bio-cell suspension by applying alternating electric field in a contact manner. For example, Sekine [3] and Asami [4] have introduced FEM simulations about spherical biological cells suspension under alternating electric field.
In this paper, the dielectric behaviour of bio-cells suspension is simulated by analysing eddy currents induced by alternating magnetic field in a non-contact manner. The difficulty of the FEM simulation about biological samples is that there are too many meshing elements due to the tiny thickness of biological membrane which leads to a large amount of calculation time. Given that, a Matlab FEM simulation solver has been built and the calculation time is largely reduced comparing with commercial software like COMSOL. Furthermore, a new method to calculate the equivalent conductivity and relative permittivity of the suspension in FEM eddy current simulation is introduced. These simulations can be performed in multi frequencies and therefore they are essentially virtual biological impedance spectroscopy (BIS).
The biological impedance spectroscopy (BIS) [17] [24] has been widely investigated for medical applications such as detection of tumour [8] [19] , detection of cerebral stroke [9] and electroporation treatment [10] . BIS has also been used for food industry applications. For example, it has been proposed for quality inspection of meat [11] , vegetables and fruits. And it has also been used to monitoring the growth of yeasts [13] and process of brewing [14] . BIS has mainly been performed by injecting current by electrodes placed on the biological samples but less so with inducing eddy currents in the biological samples by coils. The first method is to calculate the impedance of the biological samples by measuring the surface potential difference between electrodes and the current through them. This measurement method is fast and effective.
However, the polarization of electrodes, which gathers charges on the surface of electrodes, produces an electrical field against the applied field and this leads to significant errors at low frequency. In this paper, we performed four-electrode measurement to minimize the errors caused by electrode polarization [18] and the measurement is simulated by two-dimension finite element method.
The second measurement method is a non-contact magnetic induction method. Eddy currents are induced in the biological samples by coils and the impedance spectroscopy is measured by detecting the resulting magnetic field / induced voltage. In this paper, 3D FEM simulations about the eddy currents in biological samples induced by coils are presented.
Background theory

Finite element simulation
An induction model is built for the three-dimension FEM simulation. As shown in Figure 3 , the cylinder stands for the cell suspension and the four spheres are the cells. Cell models are placed randomly in the simulation in order to simulate real suspension. Imaginary transmitter and receiver coils are put on the top of the suspension to provide alternating magnetic field and measure induced secondary magnetic field and eventually obtain the equivalent conductivity and permittivity. In Figure 3 , alternating current is applied to the transmitter coil and an alternating magnetic field will be induced [6] [7] .
The differential form of Maxwell's equation:
In this FEM simulation, the system is regarded to be quasi-static which assumes the influence of displacement current is very small that it could be ignored comparing with the eddy current induced by coil excitation. Time varying magnetic fields exist in nonconductive regions and conductive regions . So the Maxwell's equation could be written as:
Where 0 is the given current density in excited by coil. is the current density in . H is the magnetic field intensity. B is the magnetic flux density. E is the electric field intensity.
And the field quantities are following the equations:
Where μ denotes the permeability, v is the reluctivity, σ is the conductivity and ρ is the resistivity.
According to Oszkar Biro [16] , the basic formulas for the three-dimension edge elements simulation of eddy current problems, Galerkin's equation is shown as following: (2-5) is strongly influenced by the shape of the measured objects. SuiteSparse [20] and GRID [21] were developed to improve the computation speed of solving systems of linear equations from FEM.
In this paper, a fast frequency-sweeping FEM method with LU decomposition and initial guess/ preconditioning introduced by Lu [22] is used.
Calculation of equivalent complex conductivity
A new method of calculating equivalent complex conductivity of cell suspension along eddy current direction is introduced.
The eddy current density flows in the suspension should be,
Where E(i) denotes the vector sum of the electrical field on all the edges of each tetrahedral element.
 (i) the complex conductivity parameter (with real part the conductivity and imaginary part related to the permittivity ) of the of each tetrahedral element.
The model is shown in Figure 3 . Assuming there is another background suspension with uniform dielectric and the suspension has exactly the same shape with simulated cell suspension. This uniform suspension is named equivalent model.
Since the normal component of E-field relative to each cylindrical cross-section surface is identical throughout the whole target, then
Where, Es(i) denotes the background E-field of the of each tetrahedral element (equivalent model); n the normal unit vector relative to the surface of target;
Since the equivalent suspension has uniform properties, the electrical background field Es is vertical to the cylindrical cross-section surface. Then the equivalent complex conductivity of the original suspension (arranged cells within the suspension) can be deduced from (2-7) and (2-8) that, matter what shape the cell is, it would finally become electrically invisible and the relative permittivity converges to the same value at high frequency as shown in figure 9 . So only relative permittivity at low frequency is discussed. As shown in Figure 7 , the conductivity decreases monotonically with increasing the length of at low frequency. This is easy to understand as the longer a-axis is the more current will be blocked by the cells. However, the permittivity is not monotonic and not symmetric following the deformation.
In part A of figure 7, comparing point A (a=2, b=12) and point A' (a=12, b=2), the cell models have exactly the same shape parameters but different orientation. So further simulations were carried out to check whether the orientation of cells would influence the permittivity at low frequency. In part B of figure 7 , the magnitude of -dispersion has large difference at point A (a=12, b=2) and point B (a=4.9, b=4.9). Asami introduced this phenomenon in his paper [4] . He considered the main factor that leads to magnitude difference of -dispersion was the axial ratio (a/b).
Furthermore, we consider the influence of the membrane thickness (d). To do so, the shape of the cell was kept unchanged and the thickness was increased from 5nm to 10nm.
The internal and external cell fluids are more conductive than the membrane, so the membrane essentially forms a capacitance. Considering the basic function of capacitance:
Here the perimeter of the cell can be seen as the surface area S in two-dimension and the membrane thickness can be deemed as the capacitance plate distance d. As shown in figure 10 and figure 11 , the permittivity at low frequency decreases while the membrane thickness increases. 
Measurement result
Four-electrode measurement is presented in figure 12 . Impedance analyser Solatron 1260 is used to measure the impedance. The effective area of the measurement electrodes is = 2 * 3 = 6 2 , and the distance between the electric field measuring electrodes is = 6.6 . The conductivity could then be calculated by = 1 = . R is the real part of the measured impedance, is the resistivity. The measurement samples are saline solution, normal potatoes, and unfreezed potatoes that have been stored in freezer for one day. This measurement is to check the influence of integrity of cell membranes on impedance spectroscopy. The result is shown in figure 13 . The measurement result of saline solution shows -dispersion due to the dielectric relaxation at low frequency. Normal potato presents -dispersion starting at around 10 kHz while unfreezed potato shows the similar result with saline solution. This is because the membranes of the potato cells are broken after freezing, the cell membrane no longer blocks current flow and only -dispersion could be observed. To check the difference between the membranes of normal potato and unfreezed potato, propidium idiode(PI) is used to stain the cells. Since PI stain could not pass the membrane of living cells, it is a reliable method to divide living and dead cells by checking whether the cell is stained. In figure 14 , it is obvious that the starch grain inside normal potato cell is not stained while the starch grain is well stained in unfreezed potato cell. This means that the unfreezed cell membrane is broken which is identical with the measurement result. The simulation result is shown in figure 16 . Because -dispersion is caused by ion flows which could not be simulated using finite element method, the simulated result in figure 16 (b) only exhibit a small dispersion. However, the general trend of measurement and simulation result is the same: dead cell suspension has higher conductivity at lower frequency; dispersion of dead cell suspension ends at lower frequency; the conductivity of dead and live cell suspension converges to a steady value at high frequency. This could verify the measurement result about the influence of integrity on bio-impedance. the same result with 2-D simulation that the cell membrane is not conductive at low frequency [3] and the cell becomes electrically invisible at high frequency since the membrane behaves conductive at higher frequency [15] . Cell models are randomly placed. And the electrical parameters are set to be the same with 2-D simulation.
The equivalent complex relative permittivity of the cell model in figure 5 Where P is the volume fraction. * is the complex relative permittivity of the external medium. 
Conclusion
Simulations on the influence of cellular structure on bio-impedance are presented in this paper for both electrode method and magnetic induction method. The influence of cell shape and membrane thickness on bio-impedance is investigated and presented. A novel analysis about the membrane thickness influence on bio-impedance spectroscopy and a new method to calculate equivalent conductivity along eddy current direction is introduced. Although the cell models are regularly shaped in this paper, the matlab FEM server could simulate all kinds of irregular cells with different shape and membrane thickness.
The electrode measurement system functioned well on measuring the impedance of saline solution, normal potato, unfreezed potato over a frequency ranging from 10 Hz to 1 MHz. Due to the limitation of hardware, the result is not stable after 1 MHz.
